Determination of the concentration of Legionella pneumophila in environmental water sites may be useful for the prediction of the risk of a particular site's causing Legionnaires' disease as well as for experimental studies of environmental growth or remediation. The precision and accuracy of recovery of two different L. pneumophila strains from seeded tap water samples were studied, with either filtration or centrifugation used to concentrate the bacteria. L. pneumophila grown on BCYE␣ agar or in Acanthamoeba castellanii was used to seed sterile tap water. Water samples were then either filtered (0.2-m pore size) or centrifuged. An average of 53% (95% confidence interval [CI], 47 to 58%; n ‫؍‬ 45) of the seeded L. pneumophila organisms were recovered by filtration with flat polycarbonate membranes. This recovery was significantly higher (P < 0.01) than that obtained by filtration with cast membranes (mean, 13%; 95% CI, 11 to 38%; n ‫؍‬ 4) or by centrifugation at 3,800 ؋ g for 30 min (mean, 14%; 95% CI, 2 to 25%; n ‫؍‬ 9) or at 8,150 ؋ g for 15 min (mean, 32%; 95% CI, 28 to 36%; n ‫؍‬ 19). Recovery of L. pneumophila was not significantly different whether the bacteria were grown on plates or in amoebae. Use of a selective medium did not decrease the recovery efficiency, but preplating acid treatment of specimens caused an Ϸ30% bacterial loss. The lower limit of detection of L. pneumophila from 50 ml of seeded tap water was highly variable and was in the range of 1 to 10 CFU/ml when filtration was performed with single-layer membranes and the membranes were either plated directly or first minced and suspended in water before plating. Filtration with single-layer membranes is the superior method for the recovery of L. pneumophila from seeded tap water. All concentration methods have highly variable recovery rates, making accurate quantification of low concentrations of L. pneumophila difficult. Even the most efficient recovery method can be very inaccurate.
Legionella pneumophila is widespread in aquatic habitats, such as cooling towers, water tanks, and plumbing systems (23) . Detection of this bacterium in water samples may be difficult when it is present in low concentrations, requiring sample concentration for optimal sensitivity. There is a lack of conclusive data regarding the correlation between L. pneumophila concentration at an environmental site and the risk of Legionnaires' disease. Some have proposed using the L. pneumophila concentration as a predictive risk factor (19, 20) . However, the accuracy, precision, and analytical sensitivity of various concentration techniques have not been studied comprehensively, in a comparative fashion, for L. pneumophila. We studied the recovery of L. pneumophila from seeded tap water samples by either centrifugation or filtration. Both plate-grown and amoeba-grown L. pneumophila organisms were used in these studies, as L. pneumophila grown in freeliving amoebae, their probable natural hosts, may differ considerably in size and perhaps hydrophobicity from plate-grown bacteria (3, 12, 18) . In addition, the effect of selective medium type on analytical sensitivity was measured.
MATERIALS AND METHODS
Overview. The first set of experiments were designed to determine whether filtration or centrifugation was superior and whether recovery was affected by variation in centrifugal force or filter membrane type. The optimal filtration and centrifugation methods were then used to determine if the recovery of plategrown L. pneumophila was different from that of amoeba-grown L. pneumophila.
Once it was determined that the recovery efficiency of flat membrane filtration was superior to that of other methods, the effects of order of membrane and amoebal disruption were studied. The effects on recovery efficiency of culture medium composition and sample pretreatment were then studied with filtered samples. Finally, the analytical sensitivity was studied for two different postfiltration methods.
Bacteria. L. pneumophila serogroup one strains F889 and F2189 were used in all studies. Both of these strains have been extensively characterized previously. F889 is a virulent clinical isolate (10) , and F2189, also known as RH1, is a relatively avirulent environmental isolate (4) . F2189 was obtained from Michael Para, Ohio State University. F889 was stored frozen as a homogenate of guinea pig lung, as described previously (11) , and F2189 was stored frozen in 10% buffered glycerol. The bacteria were thawed and then plated on buffered charcoal-yeast extract agar supplemented with 0.1% ␣-ketoglutarate (BCYE␣) (7, 9) for 3 days at 35ЊC in humidified air. The bacteria were then harvested in phosphate-buffered saline and washed thrice in the same buffer, and the concentration was determined by using a counting chamber. Bacterial densities were then adjusted from 10 to 10 6 cells per ml in sterile tap water. The final bacterial concentrations in the seeded tap waters used for all studies, except those used for determination of the lower limit of detection, ranged from 1 ϫ 10 3 to 6 ϫ 10 6 CFU/ml (median and mode, 6 ϫ 10 3 and 3 ϫ 10 3 CFU/ml, respectively). The concentrations of viable bacteria were determined by plating serial 10-fold dilutions of specimens in Mueller-Hinton broth onto BCYE␣ agar in duplicate and incubating the plates at 35ЊC in humidified air for 4 days.
Media and reagents. L. pneumophila was grown on BCYE␣ medium (7, 9) . BCYE␣ medium was made selective by the addition of vancomycin, polymyxin B, anisomycin, and glycine (MYEA medium), as described previously (8, 9) . Page's amoebal saline, also known as modified Neff's amoebal saline, and proteose peptone glucose broth were made as described previously (15) . All media were made from scratch. KCl/HCl acidification solution for the selective inhibition of non-L. pneumophila bacteria was made as described previously (9) .
Sterile tap water was prepared by collecting hot tap water (2 liters) in Nalgene (Rochester, N.Y.) polymethylpentane beakers after opening the tap for 5 min. The water was left at room temperature for 2 days on a windowsill to allow dechlorination. It was then autoclaved at 121ЊC for 15 min and cooled to room temperature. The pH was adjusted to neutral by adding 0.05 N HCl, after which the water was filter sterilized (0.22-m-pore-size cellulose-acetate filter; Corning Glass Works, Corning, N.Y.). It was stored at 4ЊC until used.
Amoebal coculture. Acanthamoeba castellanii ATCC 30234 was grown in Proteose Peptone glucose broth for 4 days at 30ЊC in 75-cm 2 Corning tissue culture flasks in air, without agitation. At this stage, more than 95% of the amoebae were trophozoites. The amoebal suspension was centrifuged at 200 ϫ g for 5 min at 4ЊC and then washed in Page's saline. Centrifugation and washing were repeated twice, and the pellet was finally resuspended in Page's saline. The amoebal concentration was determined by using a hemacytometer. The amoebae were adjusted to appropriate concentrations in sterile tap water.
Bacteria were grown in the amoebae in 75-cm 2 Corning tissue culture flasks, with an initial bacterium-amoeba ratio of 10:1 and an initial bacterial inoculum of 10 4 cells per flask. The coculture was incubated for 24 h in a New Brunswick Scientific (Edison, N.J.) air shaker incubator at 50 rpm and 30ЊC in ambient air. Intra-amoebal bacteria were released by sonication of two 25-ml aliquots of the coculture suspension for 35 s with a W-225 sonicator equipped with a microtip and an energy output setting of 3.5, delivered in 50% duty cycle pulses (Heat Systems-Ultrasonics, Farmingdale, N.Y.); pilot studies showed that this sonication energy does not affect the viability of L. pneumophila or amoebal cysts, but does completely disrupt amoebal trophozoites. A pilot study showed that sonication of coculture suspensions increased recovery of L. pneumophila F889 grown in amoebae by 240% after 1 day of coculture and by 150% after 2 days of coculture; the lower enhancement of recovery by sonication after 2 days of coculture is attributed to infection-induced rupture of the amoebae.
Centrifugation. To determine the recovery efficiency of centrifugation, 50 ml of each seeded tap water specimen was centrifuged in duplicate at 4ЊC in a Beckman (Palo Alto, Calif.) model JA14 fixed-angle rotor at either 8,150 ϫ g for 15 min or 3,800 ϫ g for 30 min. All but 5 ml of the supernatant was discarded; the tube contents were vortex mixed, and the suspended pellets from the duplicate tubes were pooled into a single tube (final volume, 10 ml).
Filtration. To determine the recovery efficiency of filtration, 50 or 100 ml of the seeded specimens was pressure filtered through various filter membranes with 50-ml syringes. Sterile tap water (10 ml) was then filtered through the membranes to rinse them and to promote as much filter trapping as possible of the bacteria present in the seeded specimens. Two different types of membranes were used. The first were cast membranes made of mixed esters of cellulose (Millipore MF; 0.22-m pore size, 47-mm diameter; Millipore Corp., Bedford, Mass.); the pores in these membranes are tortuous. The second membrane type used was a flat polycarbonate membrane (Nuclepore, Costar Co., Cambridge, Mass.; 0.22-m pore size, 47-mm diameter); the pores in these membranes are produced by electron beam irradiation and are relatively straight. The flat, electron beam-perforated polycarbonate membrane is referred to in the text as a flat membrane, and the cast cellulose membrane is referred to as a cast membrane. After aseptic disassembly of the filter membrane holder, the membrane was cut with scissors into small pieces, resuspended in a volume of sterile water equal to 10% of the starting volume, and vortex mixed vigorously for 1 min. The bacterial concentrations of the suspended minced membranes were determined as described above. In some experiments, the intact filter membranes were placed directly on BCYE␣ agar after filtration and incubated at 35ЊC in humidified air for 4 days. Quantitative cultures of filtrates were performed on most occasions to ascertain that all bacteria in the sample were trapped by the filter membrane and to check for leaks in the filter holder. Experiments for which leaking was observed visually or detected by filtrate culture are excluded from the analysis.
Selective methods were also used to determine their influence on the recovery of L. pneumophila. After filtration, certain samples of the mixed filter membrane suspensions were acidified in a KCl/HCl solution as previously described (9), vortex mixed, and held for 5 min. Decimal dilutions were made and plated onto BCYE␣ and MYEA media.
We compared two different methods of sample treatment to release intraamoebal bacteria from their amoebal hosts. The first method was to sonicate the sample before filtration, and the second method was to sonicate the filter membrane containing the bacteria and possibly intact amoebae. This comparison was carried out because of the possibility that recovery efficiency could be enhanced by filtration of water containing primarily extra-amoebal bacteria, as opposed to water containing a mixture of extra-amoebal and intra-amoebal bacteria. With the first method, 50 ml of sample was divided into two 25-ml aliquots, each of which was sonicated exactly as described above and then filtered through a flat membrane. The membrane was cut and resuspended in sterile tap water (5 ml) by vortex mixing vigorously for 1 min. With the second method, the same amount of sample was filtered first, and then the filter membrane was sonicated after first being cut and resuspended in sterile tap water (10 ml). Plate counts of viable bacteria were done as described above.
Calculations and statistical analysis. Recovery efficiency was calculated by dividing the absolute amount of viable L. pneumophila recovered after concentration by the absolute amount of viable L. pneumophila present in the sample that was concentrated. All experiments were performed in duplicate or triplicate and were independently repeated several times. The means of two populations were compared by using a t test (Student or Welch, depending on test variances).
All P values given are based on two-tailed testing. All descriptive and analytical statistical calculations were performed by using InStat software, version 2.01 (GraphPad, San Diego, Calif.).
RESULTS
Centrifugation and filtration. Recovery of L. pneumophila was poor when seeded samples were subjected to centrifugation at 3,800 ϫ g for 30 min, with a mean recovery of 13.8% (Table 1) . Increasing the centrifugation force to 8,150 ϫ g for 15 min increased the mean recovery to 37.4%, or approximately 2.7-fold greater than the recovery obtained by lowerspeed centrifugation in nonparallel comparisons (P ϭ 0.008, Welch's nonpaired t test; Table 1 ). However, even the highspeed centrifugation method performed poorly in comparison with filtration using a flat membrane ( Table 1 ). The mean recovery efficiency of the flat membrane filtration method was 52.6%, or about 1.7 times that of high-speed centrifugation (P ϭ 0.008, Student's paired t test, n ϭ 9 independent paired comparisons). Similarly, the recovery efficiency of cast membrane filtration was about fourfold lower than that obtained with the use of a flat membrane filter (P ϭ 0.03, Student's paired t test, n ϭ 3 independent parallel comparisons). Recovery efficiencies (Fig. 1) were imprecise for both centrifugation and flat membrane filtration, with greater variability for the filtration method (P ϭ 0.001, F test).
There was no significant correlation of recovery efficiency, for either filtration or centrifugation, and L. pneumophila concentration in the seeded water (r ϭ 0.04, F [1/13] ϭ 0.02 for filtration; r ϭ 0.6, F [1/6] ϭ 3.6 for centrifugation) over the range (10 3 to 10 6 CFU/ml) of bacterial concentrations studied.
Growth method and strain differences. Recovery of L. pneumophila from seeded tap water was the same regardless of whether the bacteria were plate-grown or amoeba-grown. The average recovery efficiency for flat membrane filtration of the . Similarly, there was no significant difference when centrifugation was used as the concentrating method in three independent parallel experiments. Mean recovery efficiencies were 27.5 and 32.9% for amoebagrown and plate-grown bacteria, respectively (P Ͼ 0.4, Student's paired t test). The recovery of bacterial strain RH1 was also very similar regardless of growth conditions. The mean recovery of plate-grown bacteria was 37.4%, versus 48.3% for amoeba-grown bacteria (P Ͼ 0.3, Student's paired t test for three independent parallel experiments, with data pooled from both centrifugation and filtration studies). There were no significant differences in recovery of strain F889 versus strain RH1 regardless of the concentration method or growth method (P ϭ 0.8, one-way analysis of variance, n ϭ 16 and n ϭ 8 for F889 and RH1, respectively; data not shown).
Order of sonication of filter membranes. No differences in recovery efficiency were observed whether sample sonication was performed before or after flat membrane filtration. The mean recovery efficiency of filtration after sonication was 50.1% (95% CI, 38.9 to 61.5%) versus 47.5% (95% CI, 39.7 to 55.3%) for sonication after filtration (P ϭ 0.6, nonpaired Student's t test, n ϭ 5).
Use of selective media and specimen decontamination. The use of a selective medium did not influence flat membrane filtration recovery, but there was a marked reduction in recovery when membrane homogenates were incubated with an acidic solution before plating. The average recovery efficiency of filtration followed by plating on MYEA selective medium was 65.7% (95% CI, 54.3 to 77.1%, two independent experiments with seven total data points), versus an average recovery of 69.7% (95% CI, 59.4 to 80.0%) when the membrane homogenate was plated on BCYE␣ medium. However, in the same set of experiments, the mean recovery efficiencies of flat membrane filtration after pretreatment with an acidic solution were only 38.9% (95% CI, 29.0 to 48.9%) when plated on BCYE␣ medium and 34.8% (95% CI, 25.6 to 44.0%) when plated on MYEA medium (P Ͼ 0.05 for MYEA versus BCYE␣ and P Ͻ 0.001 for acidification versus no acidification, one-way analysis of variance, Tukey-Kramer multiple comparisons test).
Lower limits of detection. Detection of low concentrations of L. pneumophila was difficult regardless of whether the flat filter membrane was placed directly on a culture plate after filtration or whether the filtered bacteria were first removed by vortex mixing of minced membranes (Fig. 2) . Recovery of small numbers of bacteria by either method was erratic and insensitive. Thirteen of 19 (68%) suspensions containing Ն50 CFU total (50 ml of a 1-CFU/ml suspension) were culture positive when the filter membrane was placed directly on the culture plate, and 16 of 24 (67%) were positive when a filter homogenate was plated. When the bacterial suspensions contained Ͻ50 CFU total, 3 of 10 (30%) and 2 of 11 (18%) suspensions were culture positive for intact membranes and membrane homogenates, respectively (P Ͼ 0.5, Fisher exact test).
DISCUSSION
The two major conclusions that may be drawn from our data are that filtration with a flat membrane gives a much greater yield than do other methods of concentration and that, regardless of the concentration method, there is considerable inherent imprecision and inaccuracy in the estimation of L. pneumophila concentrations in water samples. These concentration method limitations mean that quantification of the bacterium in waters containing it in low concentrations is too unreliable to be used to accurately compare findings by different laboratories, or even for different samples tested by the same laboratory. Detection of very low concentrations of L. pneumophila is exceptionally difficult and even more unreliable than the detection of larger quantities of the bacterium, especially when the adverse influence of selective plating techniques and the possible inhibitory effects of other bacteria are considered. It also has important implications for quantitative studies of L. pneumophila eradication from environmental sites and for serial studies over time of environmental sites containing the bacterium in low concentrations.
Because we used seeded water rather than actual water specimens, it is possible that different results would have been obtained with the use of actual water specimens (17, 22) . We believe that our use of two different strains of L. pneumophila grown in amoebae in tap water is representative of the natural state of the bacterium in the environment (13, 26) and thus that our results are generalizable. The presence of other flora in water specimens could cause a decrease in the recovery of L. pneumophila because of either overgrowth or inhibition (24) . Also, we used sonication to release intra-amoebal L. pneumophila, which is not generally done and which had the effect of increasing culture sensitivity. Thus, we anticipate that recovery rates of L. pneumophila from actual water samples would be lower than those from seeded water and that the results would be even more variable.
Brindle and colleagues (5) made similar findings regarding the insensitivity of concentration methods for L. pneumophilacontaining water. They found that centrifugation of seeded water samples at 6,100 ϫ g for 10 min resulted in an average recovery efficiency of 43% (95% CI, 32 to 52%, n ϭ 9) and that centrifugation at lower force resulted in significantly lower recovery rates. They also found that filtration of 13 culturepositive specimens with a 0.45-m-pore-size cellulose-nitrate filter membrane gave numbers of positive cultures similar to those given by centrifugation at 6,100 ϫ g for 10 min. Voss and colleagues (25) also found that the recovery efficiencies of centrifugation and filtration were very low (Ͻ10 to 20%), despite the use of sophisticated centrifugation methods. Similar rates of recovery of L. pneumophila from very large volumes of water were reported by Payment and colleagues, who used negatively charged wound filter cartridges, with recovery rates varying from 14 to 55%, depending on the volume filtered (16) . We found that the use of a flat filter membrane significantly enhanced L. pneumophila recovery over that obtained by highforce centrifugation. The superiority of flat membranes is most likely due to the ease of release of trapped bacteria, as opposed to irreversible entrapment of bacteria in the tortuous pores of cast membranes. However, the precision of recovery by filtration was significantly less than that by centrifugation, making it less desirable for serial studies over time of a known positiveculture site. Smith and colleagues (21) have also reported that the Nuclepore polycarbonate membrane gave better recovery of L. pneumophila than did other membrane types, although they found that one cast membrane (Gelman Supor) performed almost as well. No precision figures were published in that study.
Szewzyk and colleagues (22) reported that the use of black rather than white cast cellulose-nitrate membranes increased the recovery of legionellae from environmental specimens but not seeded specimens. The recovery efficiency of both membrane types was low, in the range of 18 to 49%. No comparison with flat membranes was performed.
When contaminated water samples have to be processed, selective treatments to reduce overgrowth by non-Legionella bacteria are necessary. We found that the use of the selective medium MYEA did not decrease the recovery efficiency, whereas sample acidification prior to plating resulted in an Ϸ50% decrease in recovery efficiency, regardless of whether selective or nonselective media were used. Other investigators have reported a loss of viability with selective media as well as with acidification, with a greater sensitivity of pure isolates to the selective techniques than of L. pneumophila present in contaminated waters (2, 17, 22) . Regardless of the magnitude of inhibition by selective media and techniques, it is important to acknowledge that their use may introduce considerable variability into the quantification of L. pneumophila.
Detection of very low concentrations of L. pneumophila in water was exceptionally difficult, even in the absence of contaminating bacteria or inhibitory substances. Detection was not appreciably enhanced by directly placing the filter membrane on the agar plate, which theoretically avoids the problem of bacterial release. This method resulted in inaccurate bacterial counts due to clustering of colonies on the wet membranes. Even the qualitative results obtained with this technique were grossly erratic, despite bacterial concentrations greater than that expected to give sampling errors.
Currently there is debate concerning the use of quantitative culturing for Legionella spp. in order to characterize the degree of risk of a particular environmental site for Legionnaires' disease (6, 19, 20) . Our studies demonstrate that estimates of the concentration of L. pneumophila in concentrated water samples are very imprecise and of low sensitivity. If only high L. pneumophila concentrations (Ն10 3 CFU/ml) are being sought, then the errors introduced by sample concentration can be avoided. However, concentration of large-volume specimens is frequently used in investigations of Legionnaires' disease outbreaks (1) and by some for surveillance cultures of cooling towers (14) . Additional potential sources of variability in the determination of L. pneumophila concentrations in environmental specimens are irregularities in bacterial concentrations at different sites within a complex system, sampling technique, and the temporal relationship of sampling to perturbations affecting the biofilm. Therefore, the lack of a consensus regarding the relationship between Legionnaires' disease and environmental L. pneumophila concentrations is not surprising.
